Quantum repeater [1] has been proposed to efficiently extend quantum communication beyond its current distance limit of the order of 100 km. The low data rate in quantum communication, which represents one of the main obstacles to the practical realization of quantum networks based on quantum repeater, promises significant speedups by the utilizations of high-dimensional encodings [2, 3] and multimode memories [1, 4, 5] . Here, we present the quantum storage of 3-dimensional orbital-angular-momentum [6] photonic entanglement in a rare-earth ion doped crystal. The properties of the entanglement and the storage process are confirmed by the violation of the Bell-type inequality generalized to 3 dimensions [7] after storage (S = 2.152±0.033). An assessment of the visibility of the stored superposition states in higher dimensions, demonstrates that the memory is highly reliable, even for quantum states spanning 51 dimensions. These results pave the way towards the construction of highdimensional and multiplexed quantum repeaters for large-scale quantum networks.
data rate, one is the utilization of high-dimensional encodings [2, 3] and the other one is the use of multimode memories [1, 4, 5] .
The orbital-angular-momentum (OAM) of a photon has proven to be an outstanding degree of freedom (DOF) for carrying high-dimensional entanglement [2, 3, 15, 16] and for spatial multimode operations [17] . Significant progress has been made through the storage of OAM states of classical light [18] and single photons [19] [20] [21] . However, to date, no experiment has addressed the capability of storing high-dimensional entanglement in matter-based systems, although this is the most important functionality required for the construction of a highdimensional quantum repeater. Here, we experimentally demonstrate that the quantum memory based on rareearth (RE) ion doped crystal, which can faithfully store high-dimensional OAM entanglement and provide high spatial-multimode capacity, is a promising way towards the construction of a practical quantum repeater.
First, we demonstrate the quantum storage of highdimensional OAM entanglement in a spatial-multimode solid-state quantum memory. A schematic diagram of our experimental setup is presented in Fig. 1 . Our photon pairs are produced via a type-II spontaneous parametric down-conversion (SPDC) process in a PPKTP crystal. The OAM states of the generated photon pairs will be entangled because of angular momentum conservation [22] . The photon pair generated in this manner will have the form
where |c i | 2 (i=-1, 0, 1) is the probability of creating a photon pair with related states and |l represents the OAM eigenstate as defined by the Languerre-Gauss mode LG 0,l [6] . Photons with considerably higher l can also be created in this process. However, we restrict the state to 3 dimensions because these 3 components have the most significant contributions to the produced state.
The initial bandwidth of the photons is approximately 200 GHz, as determined by the phase matchingrequirements. The photons are further filtered by two etalons to achieve a bandwidth of 700 MHz. Note that the etalons are plane-parallel cavities in which all transverse modes are degenerate [23] ; therefor the spectral filtering techniques presented here are also applicable for the entanglement of higher dimensions. The quality of 
FIG. 2:
Graphical representation of the reconstructed density matrix of the two photon states before (a) and after (b) the storage process. The density matrix of the two qutrits is reconstructed from a set of 81 measurements represented by the operators ui⊗uj (with i, j = 1, 2, ...9) and u k = |ψ k ψ k |). The kets |ψ k for both the idler photons and the signal photons are selected from the following set:
the entanglement for the directly generated photon pairs is low. Three procedures are employed to concentrate the qutrit-qutrit entanglement, namely, adjusting the lens spacings [22] , inserting the etalons and tuning the temperature of the PPKTP crystal (detailed in the SI). The quantum state of the photon pair is then characterized via quantum state tomography [24, 25] . A graphical representation of the reconstructed density matrix ρ 1 of the photon source is presented in Fig. 2a .
The memory is based on the atomic frequency comb (AFC) protocol, which requires a tailored absorption profile with a series of periodic absorption peaks separated by ∆. An incident photon will be stored as a collective excitation of the AFC and released after a time delay of 1/∆ [9, 10, 12] . The memory hardware is an Nd 3+ :YVO 4 crystal (doping level of 5 ppm, thickness of 3 mm). The spectroscopic properties of the sample are available in [26] . An AFC bandwidth of approximately 1 GHz is where ρ0 = |ψ0 ψ0| and |ψ0
The fidelity between the input and output states is calculated
achieved in the experiment through the modulation of the light using one double-pass acousto-optic modulator (AOM3), one free-space phase electro-optic modulator (EOM) and one fiber-coupled phase EOM. A storage efficiency of approximately 20% with a storage time of 40 ns is achieved for the filtered photons from SPDC. The reconstructed density matrix of the readout entanglement ρ 2 is presented in Fig. 2b and is nearly identical to that presented in Fig. 2a . We adopt two entanglement measures to quantify the 3-d entanglement, namely, the negativity and the fidelity to the MES. The results are presented in Table 1 . The fidelity of the states before and after storage is 0.991 ± 0.003, which demonstrating that this quantum memory is highly reliable for storing the 3-d entanglement. To further demonstrate that the observed correlation cannot be explained by local realistic models, we use a generalized type of Bell inequality for qutrits [7] . The Bell tests lie at the heart of quantum physics and serve as a standard method for the identification of quantum nonlocality. Using the reconstructed density matrix, we searched for the specific measurement settings required for violation of the inequality. The measured values of S before and after the storage process are presented in Table 1 . Violation by more than 4 standard deviations is achieved after the storage process. The violation of the Bell inequality in 3 × 3 dimensions directly indicates the genuine 3-d entanglement of the photon source and the reliability of the quantum memory. Now we turn to explore the high dimensionality of the memory. High dimensional memory enables not only the storage of high-dimensionally entangled states but also enables the multiplexing of the memory. A schematic illustration of the setup is presented in Fig. 3a . To completely characterize the memory performance in 3 dimensions, we performed the quantum process tomography for qutrit operations [27] (see Methods). We first measure the entire setup without the quantum memory; the reconstructed process matrix χ 1 demonstrates a fidelity of 0.970±0.001 with respect to an ideal quantum process χ 0 . Then, we measure the entire setup including the memory; the real part of the reconstructed process matrix χ 2 is presented in Fig. 3b . For the ideal process, this matrix should be identical to χ 1 , meaning that the memory does not modify the input states but only delays it. The measured fidelity between χ 1 and χ 2 is 0.993 ± 0.002. These results indicate that although the setup for OAM analysis is not ideal, the memory performance itself is very close to ideal.
To assess the memory performance for states occupying higher dimensions, the superposition states |ψ + (l) = 1/ √ 2(|l + | − l ) are prepared and stored in the memory. The readout photons are detected with |ψ + (l) and |ψ − (l) = 1/ √ 2(|l −|−l ). The storage performance can be assessed based on the visibility V of the readout photons. V is defined as (P + − P − )/(P + + P − ), where P + and P − are the probabilities of detecting readout photons with states of |ψ + (l) and |ψ − (l) , respectively. In an ideal storage process, the state after storage would be exactly identical to |ψ + (l) with V = 1. The visibility of the readout photons is indicated with red dots, and results nearly identical to those for the input photons are obtained. The value of V after storage is 0.952±0.008 for |l| = 25, demonstrating the high reliability of the memory for OAM states spanning a total of d = 51 dimensions. The current pump power was optimized for storage efficiency of the l = ±1 and l = 0 modes, which represents conditions similar to those for the storage of 3-d entanglement. Note that the storage efficiency for higher |l| can be significantly improved by simply increasing the pump power. For a quantum memory that is actually operating in 51 dimensions, the storage efficiency should be balanced for various |l| values at a single pump power. This can be achieved by saturating the pump power for lower |l| at the expense of slightly lower efficiencies for all the modes. An example of such a configuration is presented in Fig. S10 in the SI.
The dimensions, fidelity and efficiency achieved in the current experiment certainly do not represent the ultimate limits of the memory design. With better adjustment of the beam diameters for the signal photons and the pump light as well as the use of higher-resolution SLM and an OAM mode sorter [28] , this quantum memory should be capable of handling hundreds of spatial modes. The current material has also exhibited excellent performance in the storage of photonic polarization qubits [29] . Considering the storage of 1000 temporal modes has previously been achieved in another AFC memory with a similar bandwidth of 1 GHz [30] , the present quantum memory should potentially provide 10 5 qubit modes. The high multimode capacity of the quantum memory in both temporal and spatial domain should enable the construction of quantum networks with orders of higher achievable data rate and reduced memory time requirements [1, 4, 5] . The high fidelity of the storage process achieved here can predominantly be attributed to the fact that the ions contributing to the AFC storage are all spatially localized and minimal distortion of the spatial phase profile is introduced. Quantum memories based on solid-state systems have many practical advantages for future applications, including simple implementation, ease of manufacturing and integration, and unlimited transverse size, which, in principle should provide an unlimited number of spatial modes. Future efforts to combine long storage time [14] and multimode capacity in a single memory should lead to the practical realization of an efficient quantum repeater based on solid-state devices.
Methods
Quantum process tomography. The photonic qutrits are generated at SLM1 as shown in Fig. 3a . The final states are analyzed using the SLM2 and the SMF. This process (with or without the memory) can be regarded as a state-transfer process and can be represented by a quantum process χ [27] . The output state can be represented by
where λ m is the basis for operators acting on the input state ρ in and † denotes the adjoint operator. The matrix χ completely and uniquely describes the process and can be reconstructed by measuring the output state s ρ out for a number of different input states. The complete operators for the reconstruction of the matrix χ are as follows [25] : 2 . The process matrix with the memory, which is reconstructed through measurements of the retrieved photons, is denoted by χ 2 . An ideal quantum memory should produce a process matrix that is exactly identical to χ 1 . The fidelity of the memory process can be calculated as
